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Dielectric-function measurements were carried out by using grating coupling to surface plasma waves (SPW) and, for comparison, ellipsometric measurements were also performed . Scanning electron microscope (SEM) studies of film microstructure as well as dc electrical resistivity measurements were carried out and correlated with the optical data. Using the Bruggeman effective media approximation, good agreement was obtained for thicker films (30-50 nm), but for not for thinner films (< 30 nm) . SEM and resistivity measurements suggest that conditions of film growth influence the behavior of individual grains, resulting in increased electron reflectance at the grain boundaries with increasing energy delivered to the substrate during deposition. This resulted in lower electrical Iresi sti vi ti es for evaporated films than for IAS films. Finally, the influence of 5-20 A A1 2 0 3 on thick Al films was 3 investigated, both SPW and resistivity measurements suggest that the oxide film was not confined to film surface.
but had penetrated inside the film leading to much higher electrical resistivities than would be otherwise expected. Optical characterization of metal films is important for process control in the semiconductor industry.
The standard ellipsometric and reflectometric techniques [ 1-41 possess the requisite sensitivity but require complex instrumentation and computations, in addition, a very careful and model dependent interpretation of the data is necessary for determining the optical parameters. A waveguide approach, using prism coupling to either Idielectric waveguide modes (5] or to a surface-plasma-wave confined to a metal-dielectric interface [6-81 has also been used. The optical excitation of surface plasma waves (SPWs) has been carried out in both KretschmannRaether geometry 19] or in Otto geometry (10]. In the Kretschmann-Raether geometry, SPW excitation occurs by tunneling thru a thin metal film, which places severe constraints on the film thickness and dielectric constants,
Ulimiting its effectiveness mostly to Ag and Au films, and, of course, on the transparent substrate material which is typically a glass prism. in the Otto geometry the prism is placed in close proximity of the top surface of the film.
The tunnel barrier between the metal film and the prism has to be very thin (< 500 am) requiring significant 3pressure between the prism and the substrate. Both of these techniques are sensitive to film properties, and the theoretical formalism is provided by Fresnel theory.
Grating-coupling based characterization, in contrast, is free of all the above mentioned constraints. The theoretical formalism to describe the coupling process is, however, complex and requires detailed computational algorithms [i 1-12) . Recently, we have presented a detailed analysis of grating coupling to SPWs for a wide range of grating depths and profdes (13) (14) . The theoretical analysis, based on the Rayleigh expansion, was very simple and provided good agreement with the experimental data. Here, we apply this analysis to measurement of metal film optical properties. Al films because of their importance in integrated circuit technology were used. These films were deposited by three different deposition techniques; thermal evaporation, magnetron sputtering, and Uion-assisted magnetron sputtering. In addition, ellipsometric, resistivity, and SEM measurements were also carried out on these films to compare with the SPW data. In all cases, excellent agreement with SPW measurements was obtained.
In Fig. 4 . we have plotted coupling efficiency, resonance width, and the resonance angle shifts as a function of film thickness for films deposited using all three deposition techniques. The salient features of these 3 measurements are:
1. the coupling efficiencies reach -52 % for both evaporated and sputtered fdms for film thickness in the range 1 30-40 nm, while for the IAS films, the corresponding efficiency was -41 % for film thickness of above 50 nm;
2. the resonance widths for the evaporated and sputtered films are almost identical, while those for lAS films were approximately 15 % larger and;
3. the absolute shifts in the resonance angles (i.e., the angular difference between SPW resonance and the cusp angle) decreased from 0.780 to 0.740 for evaporated films, and from 0.820 to .760 for sputtered films, while for m IAS rdms weak dependence with film thickness was observed.
In general, the evaporated and sputtered films were observed to have similar characteristics, while the IAS films showed significantly different patterns. In contrast with the ellipsometric measurements where there 3 Iwere two observable quantities, the SPW measurements provide three observed quantities, the resonance width, resonance angle, and the coupling efficiency. In addition the variations in optical properties for the different films are more evident in these measurements than they were in the ellipsometric measurements m S. THEORETICAL MODELING
The grating coupling to SPWs has been treated by a large number of authors [11-13). 
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For TM-polarized light incident at a grating surface at an angle 9, we can write the magnetic field in the three regions (vacuum, metal film, and Si-substrate) as follows: 
3C-0 tsb Xm.n(Tnu) =8.
I' I7
where Xp(p) is the Fourier transform of the grating profile defined by
Xp(p) = / f exp(-t pgy) exp(t p f(y)) dy. 9.
-d/2
Hem p (=m-n) is an integer and p is given by anu, nU, or ynu. In Eqs. 5-8 both n and m go from -c to +ov.
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Computationally, however, the series is truncated at values for which inclusion of next higher order term does not result in any change of the previously calculated value. The Fourier transform integral can be evaluated for any given grating profile. In particular, for sinusoidal profiles eq. 9 gives the familiar Bessel function expansion, and has been investigated in detail elsewhere 1131. 
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is shown in Fig. 5 (see appendix for more details). The actual SEM profile of Si grating ( depth =16 nm) used in the experiments is shown in Fig. 8c . The real and imaginary parts of the dielectric constant of Al were allowed to vary independendy to obtain the best fit to the experimentally observed resonance lineshapes. The shift in the resonance angle was strongly dependent on the real pan of the dielectric constant, the width of the resonance was a function of both the real and imaginary parts of the dielectric constant Also a 5% variation in either the film 3thickness or the grating depth did not result in a shift of the resonance angle. 
3I 6. INFLUENCE OF GRATING PROFILES
In our work, the depth of the grating was chosen to keep the coupling strength well within the Rayleigh criterion (hWd -.07). In Fig. 6 . we have calculated SPW lineshapes for three different profiles assuming same
Iperiod (d=477 nm), depth (h=16 nm), and dielectric constant (E=-46,16), the difference in profile changes Scoupling efficiencies, but there are no significant changes in the resonance angles and widths. In addition to the grating profile, the substrate in which the grating is fabricated also plays an important part. In Fig. 7 . we have shown experimental and calculated SPW lineshapes for 50-nm thick Al films deposited on Si (h=16nm), SiO 2 (h--17 nm), and photoresist (h=36 nm) atings. The profiles of these gratings are shown in Fig. 8 . The dielectric constants of the films on SiO 2 and photoresist are characterized by (-40.1,14,6 ) and (-32.2, 12.8). It is seen that dielectric constant of the film deposited on photoresist is significantly different from the values in Table 1 . This suggests that the photoresist surface being significantly rougher than either SiO 2 or Si results in the growth of 3poor quality films.
U6b. INFLUENCE OF OXIDE LAYERS

I
When a freshly deposited Al-film is exposed to the atmosphere at room temperature, a transparent, (n = 1.66) on bare Al substrate, our calculations showed that the resonance angle increased by .160, which is in good agreement with our data. However, deposition of 5-20 A A1 2 0 3 resulted in increases in resonance angles which were almost twice .320. Therefore, it appears that th oxide film is not limited to the surface, but also penetrates in the Al film and changes its composite dielectric constant. This is reflected in the much higher l resistivity of oxide coated films as will be shown later.
SEM MEASUREMENTS I
Grain boundaries, voids, and other inhomogeneities significantly affect the optical properties of thin films (23) (24) . This is reflected in the large differences of the dielectric constants of the films ( Table 1 ). In Fig. 10 , we have shown a series of scanning electron micrographs (SEMs) of the Al films as a function of thickness. The increase in grain sizes is consistent with similar behavior for metal films, such as silver [25). The grain sizes and boundaries for evaporated films (Fig. 10a) are significantly larger than the films deposited by sputtering and ionasisted sputering (Figs. 10b & 1Oc) . For evaporated films, the film discontinuities decrease rapidly with l thickness, and also the film surface appears very smooth. The behavior of both sputtered and IAS films is different; the grain size increase with film thickness is slow, and the film surface appears rough and discontinuous.
I
These results indicate that the process of film growth by evaporation and sputtering is fundamentally different. In l evaporated films, the grain boundaries are interconnected, the individual grains are not spherically symmezric, and the structure as a whole appears continuous. With sputtered and lAS films, however, the grain boundaries are not l interconnected, the individual grains are approximately spherical, and the structure as a ,.hole appears 
Iwhere X is the ratio of void volume fraction to the metal volume fraction. Using this equation, and given the measured dielectric constants in (Figs. lOb & 10c) shows that the film morphology is very similar for both films, and therefore the large void fraction difference as predicted by Eq. 10 is misleading. This, coupled with increasing disagreement for thinner films, suggests that the Bruggeman effective media approximation is not appropriate to describe the composite metal structure. As will be seen in the next section, the structural changes at the grain 3boundaries play a major role in determining the dielectric properties.
RESISTIVITY MEASUREMENTS
Resistance measurements provide information about the internal structure of the metal films [241. Using
Sstandard four-point probe technique 1271. the resistivity of all films for which optical measurements had been performed was determined. In Fig. 11 , the resistivity is plotted as a function of film thickness. The solid and dotted lines are the result of theoretical modeling and will be discussed below. From the data, the following salient features are apparent:
I. for evaporated films, the resistivity ratios, ie., film resistivity/bulk resistivity, where pb = 2.73 gJ 0-cm 1281 varied from 11.24 to 1.18 for film thickness increasing from approximately 7 to 100 nm:
Ii
2. for sputtered films, the resistivity ratios varied from 36 to 2.65 as film thickness increased from 5 to So mm.
and;
3. for IAS films, the resistivity ratios varied from 13 to 3.96 as film thickness increased from 6 to 100 nm.
The resistivity of vacuum deposited thin metal films depends on the thickness, grain size, and the 3impurities present in the film. Various theories have been developed to account for the thickness variation of the resistivity 129-34). In the Fuchs-Sondheimer (F-S) theory (291, assuming free electron model the increase in the resistivity of the film with decreasing film thickness is modeled by assuming that the electron scattering at the 5film surfaces modifies the electron distribution resulting in an expression for the thickness dependence of the resistivity. This theory, however, shows small thickness dependent contribution for films thicker than the mean 5 free path of the electrons. For films much thinner than the electron mean free path, Lovel and Appleyard (LA) also developed an expression for resistivity dependence of thickness (30]. We have not been able to fit our data Iwith either of these theories. In F-S theory, the high resistivity ratios obtained experimentally force the Scalculations to pick abnormally high mean free paths reducing the applicability of the theory to either very low temperatures, or to very thick films at room temperatures. The L-A theory is not suitable for the range of film thicknesses in our experiment. We therefore used a very simple empirical expression due to Planck [35] to fit our resistivity data for the films. According to this expression, the film resistivity as a function of thickness is simply *given by 1A Pt = Pb ( + )
1.
U
where pt is the thickness dependent resistivity, Pb is the bulk resistivity, and t is the film thickness. The constant A was later specified to be 4 1 e / x, where I e is the electron mean free path, by simply averaging over the reduction of electron mean free path for film thickness less than the electron mean free path [361. For films thicker than the mean free path, a smaller value of A -3 l e / 8 is appropriate since some of the electrons are not stopped by the rdm surfaces (311. In Fig. I Ia., we have plotted Eq.l I with A = 4 l e / X for mean free paths of 14 rnm (doted line), as calculated from basic principles 137, 281 and 30 nm (solid line) as given by Mayadas, et al.
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1331. With le = 14 nm, the fit is better for thicker films (40-60 nm), while for thinner films, the fit is better at le = I 30 nm. The same calculation, however, does not predict the higher resistivities found for sputtered and IAS films (Table i) . Therefore, in addition to thickness dependence, thcre is also structure (grain size, boundaries, defects, etc.) dependence of resistivity. According to Mathiessen's rule [361, the total resistivity of the metal film can then I be expressed as the sum p = pt+Pg where pg is the resistivity due to the scattering of electron by lattice defects, grain size, and impurities, and Pt is given by Eq. 11. polynomial fit thru the data points. The increase in resonance angle corresponds to a similar increase in film resistivity providing an excellent non-invasive monitor for film characterization. Similar behavior is also observed by plotting the SPW resonance width versus film resistivity as thickness is increased from 10-60 nm for thermally evaporated films (Fig. 12b) . This shows that the wider the resonance, the larger is the film resistivity. Both of these parameters (Res. angle and width) are related to the film dielectric constants, which are related to the resistivity.
For metals with imaginary part of the dielectric constant much smaller than the real part (Au, Ag. etc.) simple analytical relationships exist between resonance parameters and the dielectric constants. In case of Al, how ever. it
3
is not possible to determine a simple analytical relationship. Our calculations and the experimental data (Figs. 12a   & 12b) , however, suggest a linear response of resistivity with increase in resonance angle and width.
CONCLUSIONS
I
A detailed investigation of the optical, structural. and electrical properties of Al films in the 5-60 rn thickness range has been carried out. The measurement of metal film optical properties using grating excitation of SPWs is shown to provide simple, readily interpretable results. The influence of different substrates and profiles has been investigated. A comparison of the film structure of evaporated, sputtered, and IAS films by SEM U analysis, and optical measurements suggests that a description of effective medium dielectric constant in terms of 3the presence of voids is inappropriate. A comparison of the electrical resistivities shows that the scattering fromn the grain boundaries substantially increases the resistivities of the films grown by ion-bombardment. It has been shown by Zieman et at. 1381 that for the films grown under ion-bombardment, two distinct regimes exist: one regime where resistivity increases and grain size decreases with increasing energy delivered to the substrate during deposition process, and the second regime, which occurs at higher deposition rates where the reverse behavior is observed. The experimental data presented here show that these films correspond to the the first regime where energy delivered to the substrate increases from evaporated to IAS films along with an increase in 3resistivity, although our SEM measurements did no show a significant change in the grain sizes of IAS films. it is suggested that the increased resistivity of the sputtered and IAS films is due to an increase in grain boundary 3 assume much simpler forms.
X (P) = cosh(P).
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I and IFig. 4 Experimental variation of SPW parameters, coup. eff., res. width, and res. angle shift, with film thickness for films deposited by three different techniques. 3resistivity variation with SPW resonance width for film thickness from 10 to 60 nm.
